Abstract-Experiments on the attenuation of Rayleigh waves in a marble quarry by a periodic array of cylindrical holes, in a honeycomb and in a triangular distribution, are reported. The results are explained in terms of elastic wave crystals (EWC's), and compared to theoretical calculations performed with scalar waves. The scaling property of the underlying theory has led us to explore the possible application of the results obtained to the attenuation of surface waves in seismic movements.
Two-Dimensional Elastic Bandgap Crystal to
Attenuate Surface Waves 
I. INTRODUCTION

S
INCE discovering photonic crystals (PC's) a decade ago, Yablonovitch [1] and John [2] have awakened an enormous interest [3] . The theory of PC can be extended to other classical waves, such as sound or elastic waves. In general, these materials can be called wave crystals (WC's), and can be these either PC's, sonic crystals (SC's), or elastic wave crystals (EWC's). The parameters that control the appearance of full bandgaps are varied:
1) the type of symmetry of the structure; 2) the wave velocity contrast; 3) the filling factor, defined as the ratio between the volume occupied by each dielectric with respect to the total volume of the composite; 4) the topology, which can be either cermet, where scattering centers (i.e., low-velocity material isolated from each other) or network, (scattering centers are connected); and the shape of the scattering centers. All these factors determine the band structure of the WC and, therefore, wave propagation properties. Economou and Sigalas have published a general discussion about topologies in PC theory and the generalization to other classical waves [4] . Also, it has been shown that a slight modification of either the symmetry [5] , [6] or the shape of the scatterer [7] can enlarge the gap.
Recently, there has been increasing interest in SC and EWC composites because of their application in sound filters and in Manuscript received March 22, 1999 vibrationless environments. Most of the work concerns theoretical calculations [8] - [10] , and very few concern experiments [11]- [13] . Also, some of us have shown that, under certain conditions, minimalist sculptures show full gaps in the audible region of the EM spectrum. Also, the existence of the so-called "deaf bands" can increase the effective bandgap as obtained in SC experiments [14] . Recently, Tanaka and Tamura have presented calculations of the dispersion relations of surface phonons in a two-dimensional (2-D) AlAs-GaAs composite structure [15] . One important consequence of the WC theory is the scalability of the equations that governs the propagation of the waves. Any wave phenomena that appears for a certain range of wavelengths and length scale can be extrapolated to other systems whose order length is scaled up or down with respect the previous one; i.e., if we halve the length scale we double the energies.
Surface effects are very important in elastic wave propagation, where strong coupling effects to bulk waves occur. This is of paramount importance in geophysics because Rayleigh and Love waves are highly destructive. To the best of our knowledge, neither theory nor experiments concerning the attenuation of surface waves by an EWC have been reported.
We have studied the attenuation of Rayleigh waves by a 2-D periodic distribution of cylindrical holes distributed in the surface of a marble quarry. The motivation of this work comes from the possibility of applying the concept of EWC to attenuate surface seismic waves.
II. EXPERIMENT
We have performed the experiments in a marble quarry for several reasons.
1) A quarry is a suitable place to produce surface waves because it presents wide areas where the surface is very flat.
2) The marble thickness underneath the surface is much larger than the penetration length of surface waves.
3) It constitutes a system similar to the real system we would like to represent, the surface of the earth. 4) In our opinion, it constitutes a closer approach than a laboratory experiment. Also, the realization of a similar experiment in a laboratory would require large blocks of materials that are very difficult to handle and with undesirable wave reflection at the borders. In general, quarries present faults, breaches, and cracks that distort wave propagation. Therefore, prior to performing any experiment, it was necessary to test many quarries and 0733-8724/99$10.00 © 1999 IEEE many places in the selected quarry to decide the best zone. The suitable place was decided upon by taking into account the following aspects: 1) the wave should be isotropically distributed, and 2) the contamination of the wave transmission from spurious reflections should be as small as possible.
Surface elastic waves are generated by the impact of a 0.5-in steel bearing ball. This specific size has been chosen because it produces an easily detectable signal as well as a short impact. A white spectrum elastic wave ( kHz) is generated. Brüel and Kjaer piezoelectric detectors with a flat spectral response in the frequency range ( kHz) are used. Out of this range, the signal is not reliable as resonances in the detector itself disturb the measurement. In all cases, we have measured the vertical polarization of the surface wave; i.e., we detect the vertical component of the polarization of the waves perpendicular to quarry surface. The amplified signal from detectors is fed to a data acquisition card in a personal computer. This method allows us to obtain time domain data, and select the time domain window to avoid spurious reflections. Fig. 1 shows a typical time domain wave where longitudinal (P), transversal (S), and Rayleigh (R) waves can be seen. From that, a value for the Rayleigh wave velocity ms has been obtained. After, to obtain a frequency domain spectrum, a Fast Fourier Transform analysis of data is performed.
The 2-D EWC samples under study are constructed by the following procedure. In a first stage, we bored 85 holes in a honeycomb lattice (3-m point group symmetry). After the attenuation experiments on this structure are performed, we drill 42 additional holes placed in the centers of the hexagons of the previous structure, so that it becomes a triangular lattice (6-mm point group symmetry) with a total number of 127 holes. The holes, 60 mm in diameter, are bored with a drilling machine intended to take marble probes, being the center to center distance between the closest holes 14 cm ( 3.5%). Fig. 2(a) and (b) shows a photograph of the quarry zone with the distribution of holes. As we progressed in drilling holes, we became aware of the existence of a sloping breach in the marble quarry at about 100 cm in depth at it shallowest point. This breach, which has a thickness of several centimeters, is filled with soil that strongly attenuates elastic waves, so we can consider that our crystal has an effective depth of 100 cm.
The signal generated by the impact is measured simultaneously by two detectors. One is placed behind the holes array, so it feels the signal transmitted through the structure (sample detector). The second one (reference detector) is located at the same distance from the exciting impact in a clean region of the quarry. To reach the latter, the signal does not cross the structure. The wave is generated far from the structure in order to insure that the waves are plane when they reach the scattering obstacle.
Figs. 3 and 4 show the wave attenuation (WA) spectra of the honeycomb and triangular structures for -wavevectors along and directions of the Brillouin zone (BZ). Let us recall that the Bravais lattice of the honeycomb structure is 1.5 times larger that that of the triangular structure. The honeycomb structure has a smaller BZ and it is rotated 30 with respect the triangular one. Therefore, and directions are interchanged in both symmetries (see insets). The negative values of WA are due to elastic wave reinforcements, probably due to increases in the signal arriving to the sample detector produced by inhomogeneities of the marble.
In systems like those here studied, as elastic waves find enormous density and velocity contrast, Bragg diffraction peaks (pseudogaps) could be transformed into very broad attenuation bands. Therefore, when broad attenuation bands appear, the concept of Bragg peak loses its sense. However, in order to have some guide, we have plotted as arrows the frequency values estimated for the Bragg peaks at and points of the BZ. The hexagonal structure (Fig. 3) shows two broad attenuation bands along direction that cover a large part of spectral region of the detector for any direction of the wave vector. The first band is near zero frequency and it extends up to a cutoff frequency value of 2 kHz; the second one covers a frequency range between 7 and 15 kHz. Along direction, a similar spectrum is obtained. However, a striking difference between and directions, other than the widths of the peaks, is the stronger attenuation observed along We attribute this effect to the different number of layers that the Rayleigh wave has to cross before it reaches the detector (17 layers along and only 13 along Fig. 4 shows the attenuation of Rayleigh waves through a triangular lattice for wavevectors along and directions of the BZ (see inset). Here again, two broad attenuation bands can be seen. The first one, as it occurs in Fig. 3 , appears around a value of the frequency near zero. The second band goes from 11 kHz and goes beyond frequency value that is above the frequency limit of the detector (20 kHz). In comparison with the one of the honeycomb structure, the second band is shifted to higher frequencies because the larger value of the reciprocal lattice. This band is stronger along the direction (the direction equivalent to the in the honeycomb) due to the different number of layers encountered by the wave. All the frequency values above mentioned have been assigned disregarding oscillations in the WA of 5 dB around the reference level. Finally, we have placed several sample detectors inside the triangular structure to study how spectra develops as wave crosses different numbers of layers along direction. For nine monolayers, the attenuation spectrum is very similar to that obtained for the whole structure. Therefore, a few number of layers is enough to build up an EWC.
The experimental observations reported above cannot be accounted for by surface roughness effects [16] , and, led us to conclude that two absolute elastic bandgaps exists for the propagation of Rayleigh waves. These gaps are defined by the overlap observed between the attenuation bands along the two high-symmetry directions.
We would like now to discuss whether those structures would show a full bandgap. There are several conditions that favor the full bandgap appearance [4] , [8] , [9] : 1) high symmetry; 2) cermet topology, i.e., the low-velocity scattering material (air) regions are isolated cylinders surrounded by the interconnected high-velocity material; 3) large values for the density and velocity contrasts. All of these conditions are met in our experiment. We have a huge density contrast and also a large velocity contrast (8.8 ) that would favor the full gap appearance. The high-frequency attenuation band for both triangular and honeycomb structures can be naively correlated to Bragg phenomena (see arrows in the figures). However, the lowfrequency band cannot be correlated to any Bragg diffraction peak. Attenuation bands in the low-frequency regime have also been characterized, both experimentally and theoretically, in the case of electromagnetic wave propagation through arrays of metal cylinders in air at the wavelenthgs, where the dielectric constant of the metal becomes infinite [17] , [18] . In our case, due also to the huge density and velocity contrasts, strong band bending effects are taking place and a gap at near zero frequency is opened up. These results have important consequences because the structure is able to attenuate a broad range of waves whose wavelength is much larger than the coherence length (periodicity value) of the structure. In the next section, we will further comment on these effects in the light of theoretical calculations.
III. THEORY AND DISCUSSION
A theoretical description of the attenuation spectra implies the study of the scattering of Rayleigh waves by the array of finite air cylinders. Let be the stress-free surface of the semi-infinite medium occupying the half space The components of the displacement field and of a Rayleigh wave propagating along the -direction with a given -wavenumber can be expressed as (1) (2) where is a constant, denotes the velocity of the Rayleigh wave, and and are the velocities of the transverse and longitudinal bulk elastic waves, respectively, while and A calculation of the penetration depths and for the parameters of our system ms and gives and [19] . Therefore, the depth of the drilled cylinder establishes a critical wavelength such that any wave with smaller wavelength sees the cylinders as infinitely long as far as the scattering process is concerned. In our structures m. This implies that only those waves with frequency lower than Hz experience scattering in a finite depth structure. These waves are only a minor fraction of our spectra. The above discussion simplifies the theoretical attempt and one can consider the cylinders as semi-infinite for frequencies above 700 Hz. This calculation is beyond the scope of the present work. Instead, we have employed a simple model, based on a scalar approach, that has given us good insight into the physics involved in our experiments. The model considers a periodic three-dimensional (3-D) system of cylindrical holes (scattering material, ) infinite along the -axis, embedded in marble (host material, ). Thus, we calculate the band structure for the propagation of acoustic plane waves travelling through such a system. The corresponding equation is (3) where is the frequency of an eigenmode and and are the wave velocity and the medium density, respectively, which are position-dependent in the 2-D space
As the wave velocity in the marble , we have used the one measured for the Rayleigh wave. We solve (3) using a variational method [14] , [20] . Fig. 5(a)  and (b) shows the dispersion relation, in reduced units, at very low values of the filling fraction (0.5 and 1% for the honeycomb and triangular lattices, respectively). In spite of the low ff, strong band bending effects occur in the honeycomb structure. This is because of the large density and velocity contrast of the marble air system. When we put the actual values of the ff used in our experiments (ff 11.1% in the honeycomb case and 16.7% for the triangular one), the bands are extremely flat and highly degenerate (see Fig. 6 ). Particularly outstanding is that, in both structures, large gaps appear in the low-frequency region [notice the expanded scale in Fig. 6(a) and (b) ]. This result obtained with our oversimplified model indicates that the intuitive picture of Bragg scattering fails to predict the position of attenuation bands in composite systems with huge contrasts. It also supports our claim that the attenuation bands measured in the low-frequency region does represent actual gaps of the structure for the propagation of Rayleigh waves as it occurs in metallo-dielectric PBG structures [17] . However, the calculation does not reproduce either the direction dependence of the attenuation bands or the attenuation bands observed at high frequencies, probably due to the simplifications employed. Consequently, to account for the gaps found at high frequencies, a more realistic calculation is needed. Because of the relevance of the low-frequency gap, we have also calculated the behavior of the quality factor, gap to midgap ratio associated with the first bandgap, as a function of the filling factor. The results obtained for honeycomb and triangular lattices are shown in Fig. 7 . The parameter quickly saturates at very large values (around 1.8 in both cases), with the magnitude of the ff being very small (0.01 and 0.05, respectively). Also, the calculation shows that the honeycomb structure is better than the triangular one, and indicates that very small values of the ff produce bandgaps with a very large value of the quality factor. This result is closely related to that obtained by other authors for 2-D [17] and 3-D [18] metallo-dielectric PBG structures.
Finally, it is very tempting to explore the possibility of application of these results to attenuate Rayleigh waves in earthquakes. The theory that governs the EWBG, and also the conclusion obtained from our experiments, are scaleable, i.e., any bandgap map of a wave crystal (WC) can be scaled up or down through the expansion or contraction of the length of the system. Seismic movements behave as elastic waves [21] with frequency values between 1 s and 5 s This corresponds to a bunch of waves whose bandwidth to mean frequency ratio is From our calculations, this frequency range can be shielded by using the first gap for ff value around 1%, in the honeycomb symmetry. This corresponds to a ratio cylinder diameterperiodicity If we assume that the velocity of the Rayleigh waves is of the order of 3000 ms , 25 m holes periodically distributed in a honeycomb geometry, and 200 m apart would be needed. Also, due to the enormous contrasts both in velocity and density between the marble and the air, the cylindrical holes behave as hard cylinders, and elastic waves do not penetrate within the cylinder. One can take advantage of this fact and excavate circular trenches instead of digging up full cylindrical holes. It is much easier to perform cylindrical trenches (about 1 m wide) than emptying full cylindrical holes. This is of great importance as it makes the proposal more feasible for application in seismology. Notice that the hole depth has to be around 1200 m deep in order to shield waves of 1 s A word of caution is required about the above proposal-the numbers are preliminary estimates and have to be checked with improved models and further experiments. For instance, it would be essential to study how deep the holes must be drilled in order to obtain acceptable earthquake attenuation effects. If holes are shallow in terms of the seismic wavelength, the surface wave would be diffracted due to edge effects, and it would be transmitted. Therefore, it is very important to study those factors that influence shielding effects of both frequency and intensity ranges that are dangerous for buildings and civil works [22] .
IV. SUMMARY
In summary, we have shown attenuation experiments of Rayleigh waves in a 2-D distribution of holes in a marble quarry. The results show the existence full gaps at low-and high-frequency regions. Theoretical calculations performed with scalar waves also predict large gaps in these type of systems. Because of the scaling property of the wave equations, it could be of application to attenuate the effects of Rayleigh waves in seismic movements. The gap obtained at near zero frequency allow us to make a proposal of seismic shielding based on an EWC structure of spatial periodicity much smaller than typical values of earthquake wavelengths. Further studies to know the feasibility of this application are dearly required.
